Bleached wood pulp, derived from a mixture of Gymnosperm species, was degraded by bacteria in a laboratory model of a marine sediment. Zones of cellulolysis observed in the secondary cell walls of the pulp appeared to be due to bacterial activity. Although the bacteria were not in direct contact with the substrate, a fibrillar material associated with the bacterial cell envelope was observed by electron microscopy. Bacteria observed in the lumena of pulp cells appeared to be inactive in substrate degradation.
I. V A N C E , S. 0. S T A N L E Y A N D C. M. B R O W N M E T H O D S
Model sediments. Bleached wood pulp produced by the Stora sulphite system was kindly supplied by Scottish Pulp and Paper Mills Ltd, Fort William. The pulp fibre was stored moist in polythene bags at 4 "C and at no time was it allowed to dry out. Pulp was added as a suspension in sea water to a model sediment at a rate equivalent to 1 g dry fibre equivalent m-2 d-l, a rate similar to effluent addition to Loch Eil. The model sediment consisted of an insulated polythene tank (670 x 510 mm) containing a 230 mm depth of sediment from Loch Eil covered with a 250 mm depth of sea water. The sea water was passed through a glass-fibre filter prior to entering the tank at a rate of 30 1 h-l. The model was kept dark and maintained at 8 "C. The exchange rate of sea water was sufficient to maintain a fully aerobic water column and sediment surface such as exists in Loch Eil (Stanley et a/., 1978). These model sediments have been maintained for a number of years in the laboratory.
Electron and light microscopy. A sample of wood pulp was removed from the surface 0 to 3 cm of the sediment and fixed in 1.5 yo (v/v) glutaraldehyde in 0.025 M-cacodylate buffer (pH 6.9) for 2 h at 4 "C and then overnight in 6 % (v/v) buffered glutaraldehyde. The sample was washed in three changes of 0.1 Mcacodylate buffer (pH 6.9) at 4 "C over 90 min. Fixation was completed in 2 yo (w/v) osmium tetroxide in 0.1 M-cacodylate buffer (pH 6.9) at room temperature for 24 h. The sample was then washed in three changes of 0.1 M-cacodylate buffer (pH 6.9) and dehydrated in an alcohol series. Dehydration was followed by treating the pulp with two changes of propylene oxide over 20 min and infiltrating with a 50 yo (v/v) solution of epoxy resin (Taab Laboratories, Reading) in propylene oxide for 24 h at room temperature. The sample was embedded in fresh resin and polymerization took place at 60 "C for 24 h. Purple/gold sections were cut on a Reichert OMU3 ultramicrotome using glass knives. The sections were stained for 2 min with uranyl acetate and for 7 min in lead citrate. They were then examined with an AEI EM801 transmission electron microscope operating at 80 kV. A portion of the material which had been fixed for transmission electron microscopy was placed inside a modified 'Beem' capsule, the ends of which had been replaced with nylon gauze (mesh size 250pm, Gallenkamp). Subsequent treatment of the sample was accomplished within this capsule. The material was dehydrated in an ethanol series and then passed through an ethanol/Freon 113 series to pure Freon 113. This was then drained off and the sample was placed in Freon 13 in the pressure chamber of a Sorvall critical point drying apparatus and dried after the method of Cohen et al. (1968) . The sample was removed from the capsule, coated with gold-palladium and examined with a Cambridge Stereoscan Microscope.
Unfixed samples were examined with a Wild M20 microscope equipped with phase contrast optics. Micrographs were made on Kodachrome 25 film using an Olympus PM-6 camera synchronized with a Carl Zeiss (Oberkochen) Micro Flash I1 Unit.
Carbon and nitrogen analysis. Samples of wood pulp were washed in distilled water, oven-dried at 110 "C and ball-milled for 2 min in a Glen Creston M280/11 mixer mill. Analysis was carried out in a Perkin Elmer 240 Elemental Analyser. 
I. V A N C E , S . O . S T A N L E Y A N D C . M . B R O W N RESULTS
The Stora wood pulp fibre used in this study contained 43 % carbon and 0-7 yo nitrogen and had a high cellulose content (98 yo cellulose; D. C. Ellwood, personal communication).
The typical appearance of the wood pulp as revealed by scanning electron microscopy is shown in Fig. 1 . The individual wood cells ranged from 15 to 55 ,um in width and were up to 5 mm long. During the pulping process the wood tissue suffers considerable mechanical damage and the radial orientation of the microfibrils around the bordered pits suggests that the primary cell wall and middle lamella have been removed, exposing the secondary cell wall. Typically, the torus from the centre of the pits was absent. Before addition to the sediment model the individual cells of the wood pulp had a clean appearance with no obvious bacterial attachment. Pulp recovered from the sediment model, however, was often covered by a layer of bacteria on the outer surface apparently associated with mucilage (Fig. 2) . Light microscopy also suggested that bacteria gained access to the central lumena of the pulp cells through pit apertures and the broken ends of cells.
Transmission electron microscopy revealed that bacteria were associated with cavities in the exposed secondary walls of the pulp cells (Figs 3 and 4) . In most cases, the bacterial cell wall was surrounded by a network of fine projections, which may be interpreted as an extracellular glycocalyx (Costerton et al., 1978) . In almost all instances, the bacteria were closely associated with zones of obvious cellulolysis but not in direct contact with the substrate. Electron-dense regions of cytoplasm, interpreted as storage granules, were conspicuous in all of the bacteria. Some disruption of the microfibrillar arrangement of the pulp is obvious; the capillaries between the microfibrils on the periphery of the zone of cellulolysis are larger than in adjacent areas. The invasion of the wood pulp by bacteria extended several micrometres into the secondary cell walls and the zones of cellulolysis apparently corresponded to the passage of individual bacteria. Extensive areas of cellulolysis, the result of the activity of several bacteria, were observed in some regions of the pulp cell walls. Although transmission electron microscopy revealed that bacteria were able to penetrate into the central lumena of the pulp cells (Fig. 5) , obvious cellulolysis was only observed on the exposed outer layers of the secondary cell walls and not in the S3 layer lining the lumena.
D I S C U S S I O N
The sediment model used in this study has been shown to mimic closely the conditions occurring in the surface sediments of Loch Eil (Stanley et al., 1978) , including the presence of a population of cellulolytic bacteria able to degrade the bleached wood pulp (Vance, 1977) . The susceptibility of wood pulp to bacterial degradation is thought to be due to the removal of lignin (Millet et al., 1975) and an increase in the dimensions of cell wall capillaries (Cowling, 1975) , which occur during pulping. The cellulose component of the wood also undergoes a reduction in degree of polymerization in the pulping process which may enhance the susceptibility to cellobiohydrolases (Cowling 1975 ). Chahal & Grey (1968 considered that wood pulp is one of the modified cellulose substrates which may be degraded without the synergistic action of C, and C, enzymes.
The granular appearance of wood pulp removed from the sediment model, as viewed by light microscopy, was similar to that described by Liese (1970) in the bacterial deterioration of the secondary cell walls of wood tissue of Pinus sylvestris. Although the bacteria observed in the present work appeared to degrade the outer layers of the secondary cell walls, access to the central lumena was provided by the pit apertures as described by Greaves (1969) . Additionally, greater access to the lumena was provided by the closed ends of cells being broken off during pulping. The observed pattern of cellulose degradation in wood pulp was similar to the degradation of grass tissue by rumen bacteria described by Akin et al. (1974) . These authors also observed bacteria in the lumena of cells which appeared to be inactive in the degradation process, whilst bacteria were attached to and degraded the outer surfaces of the cells. Latham et al. (1978) observed that Ruminococcusyavefaciens adhered to the cut edge of phloem cells despite the small area of exposed cut surface. They further suggested that comminution of plant material either by physical or chemical means was a prerequisite for efficient degradation. In the present work, the frequently observed degradation of the outer secondary cell walls of the wood pulp may be a reflection of greater mechanical damage suffered by the outer surfaces during pulping. Some extracellular material associated with the outer bacterial cell walls was observed without staining with ruthenium red, as used by Akin (1976) , or alcian blue, as used by Fletcher & Floodgate (1973) . Such extracellular material has also been shown to be associated with bacteria degrading plant material using only glutaraldehyde/osmium tetroxide fixation and uranyl acetate/lead citrate staining (Akin et al., 1974; Old & Nicolson, 1975) . The existence of such a glycocalyx around bacteria is considered to be a universal feature of bacteria in natural environments as distinct from laboratory cultures (Costerton et al., 1978) . The glycocalyx is thought to play a role in the adhesion of bacteria to solid substrates and in the conservation and concentration of degradative enzymes. This may be particularly important in cellulolytic bacteria since the zones of cellulolysis are often in close proximity to the bacterial cell. In common with the other environments which have been studied by electron microscopy, the degradation of cellulose in marine sediments appears to require such a close association between bacterium and substrate.
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